Aim: Impulsivity, which significantly affects social adaptation, is an important target behavioral characteristic in interventions for attention-deficit hyperactivity disorder (ADHD). Typically, people are willing to wait longer to acquire greater rewards. Impulsivity in ADHD may be associated with brain dysfunction in decision-making involving waiting behavior under such situations. We tested the hypothesis that brain circuitry during a period of waiting (i.e., prior to the acquisition of reward) is altered in adults with ADHD.
A TTENTION-DEFICIT HYPERACTIVITY DISOR-DER (ADHD) is the most common neuropsychiatric condition, and has a childhood prevalence of 3.4%. 1 Sixty-five percent of children with ADHD have symptoms that persist into adulthood. 1 Impulsivity often remains in adulthood, and has limited functional remission. 2 Impulsivity in ADHD manifests itself in children as the inability for children to wait their turn, by disturbing or interrupting other children, and by the frequent occurrence of accidents. As adults, these individuals exhibit behaviors that include rushed decision-making, impatience, and frequent traffic accidents. A recent report found that ADHD is associated with significantly increased mortality rates, mainly due to deaths from unnatural causes, such as accidents, particularly in individuals diagnosed in adulthood. 3 Thus, impulsivity should be the main behavioral characteristic targeted in interventions for ADHD. Additionally, a recent report from a population-based longitudinal cohort questioned the consistency of behaviorally defined diagnostic classification for ADHD in childhood and adulthood. 4, 5 Thus, understanding the neural basis of impulsivity in ADHD and attempting to characterize it using biomarkers may be of priority.
The first generation of studies on ADHD assumed that suboptimal executive functions, such as response inhibition or timing, were the primary mechanisms underlying impulsivity in ADHD. 6 Progress in the neuroscience of the reward system led to a second generation of research involving functional magnetic resonance imaging (fMRI) studies exploring deficits in the neural basis of the reward system in individuals with ADHD. These studies were based on the hypothesis that ADHD is characterized by the tendency to avoid anticipated delays in reward acquisition and thus to prefer immediate reward. 7, 8 Previous fMRI studies targeting reward system deficits in ADHD can be divided into two types: (i) studies using rewardanticipation tasks; and (ii) those using intertemporal choice tasks.
Reward-anticipation tasks detect the individual characteristics of motivational behavior by looking for changes in task performance that are induced by changes in the content of rewards, such as the amount of money gained, and evaluate response-associated fMRI signals after reward presentation. These studies found no significant group differences in behavioral data, such as the rate of reaction or correct-answer rate, but showed that striatal activity decreased at the time of reward expectancy in a group with ADHD at puberty 9 and in a group with ADHD in adulthood. 10, 11 Activity of the orbitofrontal cortex showed an increase in adults with ADHD at the time of reward acquisition. 12 However, since most studies have reported results from medicated participants, these findings should be interpreted with great caution.
As intertemporal choice tasks demand trade-offs of reward size against reward delay, brain activities associated with the choice of reward characteristics are of interest. 13 These tasks are useful for detecting the preference for immediate reward. 7 Furthermore, these studies can test for differences in brain responses associated with the choice of immediate versus delayed rewards. Previous fMRI studies on ADHD have indicated such differences in the frontal lobe, 14 orbitofrontal cortex, striatum, and cerebellum. 15 Alternative explanations for the neural basis of impulsivity in ADHD have also been proposed, such as the possibility of decision-making deficiencies being associated with reward evaluation in ADHD. 16 Some reports have validated the importance of reward magnitude or length of task, 17 but no report has validated the importance of waiting-time sensitivity in rational decision-making. We hypothesized that the decisionmaking circuit would normally strengthen waiting behavior following an experience, and strengthen memory in that the longer the subject waited for acquisition after the choice, the greater the reward obtained. A deficiency in decision-making in this situation that results from insensitivity to waiting time would tend to produce longitudinal changes in the impulsivity of ADHD. Furthermore, testing the hypothesis of altered waiting time sensitivity in decisionmaking is an important step toward effective clinical interventions for impulsivity in ADHD.
In order to examine this hypothesis, we explored neural activity during a variable waiting period after a choice of reward using an intertemporal choice task in which the pre-reward waiting period was on the order of seconds and occurred during fMRI measurements.
METHODS Participants
Participants included 14 right-handed, medicationfree adults with ADHD and 16 healthy controls matched for sex, IQ, and handedness (Table 1) . Participants with ADHD (five men and nine women; mean age: 31.2 [SD 6.7] years) were recruited from outpatient clinics at the Department of Child Neuropsychiatry, The University of Tokyo Hospital, Japan. Diagnostic procedures included an interview approximately 2 h in length based on the DSM-IV criteria by a trained child-adolescent psychiatrist (A. T. or A. I-T.; >7 years' clinical experience). The diagnosis of adult ADHD was confirmed by the examination of each individual's visits to the outpatient clinic, along with the supplementary use of information from an informant who had known the patient in childhood (usually a mother), school report cards (assessment and comments by teachers regarding the child's behavior at school), data from the Adult ADHD Self-Report Scale (ASRS) 18 for current ADHD symptoms, and data from the Japanese version of the Wender Utah Rating Scale (WURS) 19 for childhood ADHD symptoms. Twelve of 14 cases were of the inattention type and two were of the combined type of ADHD. To confirm the ADHD diagnosis, eight patients additionally underwent Conners' Adult ADHD Diagnostic Interview for DSM-IV (CAAID) and Conners' Adult ADHD Rating Scale (CAARS). 20 The presence of other psychopathological comorbidity was screened using the Mini-International Neuropsychiatric Interview. Four of 14 patients had dysthymia, one had generalized anxiety disorder, and one had obsessive-compulsive disorder. Based on results of the Mini-International Neuropsychiatric Interview at the first screening, one patient appeared to have alcohol dependence, but alcoholism was not evident at the second interview, which was performed by a trained child-adolescent psychiatrist (A. T., A. I-T.). IQ was assessed using the full scale of the Wechsler Adult Intelligence Scale -2nd or 3rd edition (WAIS-R or III) and the Japanese version of the National Adult Reading Test (JART). 21, 22 The following exclusion criteria were applied: (i) comorbid current major depressive disorder; (ii) history of manic episodes; (iii) any axis II disorder, based on assessment using the Structured Clinical Interview for DSM-IV Axis II Disorders; (iv) schizophrenia; (v) any sign of neurological disorder; (vi) history of electroconvulsive therapy; (vii) alcohol or substance abuse or dependence as defined by the DSM-IV; (viii) use of a psychotropic drug within 4 weeks of MRI; and (ix) full-scale IQ less than 85 using the WAIS-R or III. Sixteen age-, sex-, handedness-, and IQ-matched healthy adults (six men and 10 women; age range: 26-42 years; mean age: 32.2 [SD 4.8] years) participated as the normal control (NC) group. The assessment of the presence of current and childhood ADHD symptoms and other psychopathic comorbidity in the control group was similar to that in the patient group. IQ was assessed using the JART. Participants were interviewed by a trained child-adolescent psychiatrist (A. T., A. I-T.) who screened them for the presence or absence of neuropsychiatric disorders using the Structured Clinical Interview for DSM-IV, Non-Patient Edition. The exclusion criteria for the control group were as follows: (i) exceeds the cut-off value (≥4 points) on the ADHD symptom scale; (ii) presence of any neurological disorder; (iii) traumatic brain injury with known cognitive consequences or loss of consciousness for more than 5 min; (iv) alcohol/substance abuse or addiction; and (v) history of psychiatric disorder.
All participants were assessed for: (i) handedness using the Edinburgh Inventory, 23 with a laterality index of 80 as the cut-off for right-handedness; (ii) level of social functioning using the Global Assessment of Functioning scores (GAF); and (iii) impulsivity using the Barratt Impulsiveness Scale version 11 (BIS-11), Japanese version, 24 and the Behavioral Inhibition System/Behavioral Activation System (BIS/BAS). 25 Participants with ADHD exhibited significantly higher scores on the impulsivity scales (Table 1) , although most of them presented with DSM-IV inattentive type.
Each participant received a monetary reward. The basic amount was 7500 Japanese yen (JPY; approximately 75 US dollars). The total reward exceeded the basic reward by a variable amount depending on task performance. Rewards were paid by direct deposit after participation. This work was carried out in accordance with the Declaration of Helsinki. The ethics committee of the Graduate School of Medicine, University of Tokyo approved this study (No. 3048). After a complete explanation of the study to each participant, written informed consent was obtained.
Experimental tasks
For the fMRI task, we used a repeated intertemporal choice task that involved choosing between a delayed, large option (40 JPY) and an immediate, small option (10 JPY) 26, 27 ( Fig. 1) . At the beginning of each trial, white (immediate small option) and yellow (delayed large option) squares, each partly occluded by a random mosaic of black tiles, were displayed side-by-side on a screen for 2 s. The number of black tiles in a given mosaic varied, and corresponded to the length of the monetary payoff delay for choosing that square. Participants chose between During the brain scans, participants were instructed to fixate on the central cross and to press one of the reaction buttons in front of them to choose either the white square and receive 10 Japanese yen or the yellow square and receive 40 yen. The passage of time was presented to the participant visually as a progressive deletion of black tiles from mosaic patterns that were randomly redrawn in each trial; the reward was announced when all black tiles had been deleted. The initial number of black tiles in the yellow square was usually larger, meaning that it usually took longer to clear a yellow square than a white one. Participants had a limited amount of time in which to maximize their winnings.
a white square, indicative of a small gain (10 JPY) with a short delay (1-7 s), and a yellow square, indicative of a large gain (40 JPY) with a longer delay (6-26 s). After the participant chose one of the squares by pressing a button, black tiles were randomly removed from that square one-by-one at 400-ms intervals. When the square was completely exposed, the monetary payoff was displayed on the screen for 1 s. In the next trial, white and yellow squares were displayed with novel mosaic patterns. The initial number of black tiles was randomly chosen from two different uniform distributions, such that the delay associated with a small reward was typically shorter than the delay associated with a large reward. Thus, at the beginning of each trial, the participants were required to choose between an earlier, but smaller reward (white) and a later, but larger reward (yellow) by comparing the number of black tiles on the two squares. Because the participants were required to respond within 2 s, decisionmaking was based on the visual impression of the darkness of the white and yellow squares, rather than on an explicit count of the numbers of black tiles. Six sessions, each approximately 3 min in length, were run for a total of approximately 20 min. In this task, the participants attempted to trade the number of tiles and the amount of money acquired in each trial to arrive at a 'rational' (i.e., maximally rewarded) choice. Because the ratio of the amounts of money was 40 JPY/10 JPY = 4, the total reward was maximized by only choosing a white square when the number of yellow-square black tiles was more than 4 times the number of white-square black tiles, and by choosing a yellow square otherwise. The following points 1-9 were instructed to the participants and then they were allowed to perform exercise trials outside the MRI scanner prior to performing the actual task:
1 Participants receive 10 JPY when they choose a white square and 40 JPY when they choose a yellow square. 2 Participants should aim to maximize their total reward within the time limit. 3 The number of black mosaic tiles on the yellow square is usually more than on the white square. 4 Because black tiles disappear at a steady rate, it usually takes longer to obtain the reward when the yellow square is chosen. 5 Participants obtain more money by choosing a yellow square, but the time taken for a single trial to end is longer, whereas if they choose a white square, they receive less money but the trial ends sooner. 6 If participants choose only yellow squares, they must spend a longer length of time waiting, whereas if they choose only white squares, they receive less money per trial. 7 The number of black tiles on each square varies, with some yellow squares containing relatively fewer black tiles and some white squares containing comparatively more, such that participants must look at the approximate numbers of black tiles at the start of the task and decide which choice is more advantageous. 8 If a participant is unable to choose within 2 s, a penalty of −100 JPY is imposed, encouraging participants to choose intuitively without counting the black tiles. 9 Remuneration for study participation is calculated by adding the money obtained from the task to a base amount of 7500 JPY.
Imaging acquisition and preprocessing ; slice thickness = 4 mm; slice gap = 0 mm) with blood-oxygen-level dependent (BOLD) contrast. SPM8 software (Wellcome Department of Imaging Neuroscience, Institute of Neurology, London, UK) was utilized for preprocessing and statistical analyses. The first six image volumes were discarded to avoid T1 equilibrium effects. The images were corrected for slice-timing, realigned to the first image as a reference, spatially normalized with respect to the Montreal Neurological Institute (MNI) echo planar imaging (EPI) template, and spatially smoothed with a Gaussian (8-mm full width at half-maximum) kernel. The task presentation during the scan was controlled by Presentation software (version 14.5; Neurobehavioral Systems, Albany, CA, USA). Visual stimuli were delivered to a translucent screen by an electromagnetically shielded projector located at the foot of the bed. The participants viewed this screen through a tilted reflection mirror attached to the head coil. During the scan, participants held a response box and used their right index finger to make a choice in each trial.
Behavioral data analysis
We calculated the discounting rate k as described in our previous study, 28 the logical choice rate, the frequency at which penalties occurred, and the final reward amount. We defined the interval from the onset of stimulus display until the button-push as 'reaction time,' and the interval from the time of the button-push to the reward display as 'waiting time.' From all choices made by a given participant, we calculated the mean reaction time and mean waiting time. We used t-tests to compare all parameters between groups.
fMRI data analysis Calculation of delay-sensitive BOLD signals
We tested for group differences in the contrast values of the BOLD signals associated with reward waiting time calculated using the parametric modulation method. Three event-related regressors were included in the analysis: (i) stimulus display timing; (ii) reward display timing; and (iii) the timing of a tile-removal step (which occurred every 400 ms from square choice until reward display). We then conducted an analysis of the parametric modulation of the waiting time across trials. We excluded from all regressors trials in which participants failed to press the button within the allowed interval (2 s). All explanatory variables were convolved with a canonical hemodynamic response function and entered into a general linear model. Finally, we defined the results of parametric modulation, which used the actual waiting time length as a parameter, as the contrast value associated with the reward waiting time.
fMRI analysis:
Step 1 The purpose of Step 1 was to set the brain regions of interest (ROI) in which the association between delay-sensitive BOLD signals and symptom/impulsivity scores would later be investigated. While these clinical scores were significantly different between groups, they were continuous across participants from both groups. In the same manner, we intended to find brain regions continuously varying between participants from both groups. Therefore, we explored ROI representing information on reward waiting time using all participants (NC and ADHD), and a onesample t-test was performed for the beta value (the general linear model coefficient) of all event-related activity. The cluster voxels at sites where the cluster level equivalence, k, was ≥50 and the peak threshold value was significant at an uncorrected P-value < 0.001, were designated as ROI.
fMRI analysis: Step 2
For
Step 2, a general linear model was used to calculate the mean beta values for the contrast associated with waiting time for the mean BOLD signals of all voxels within the ROI at the individual participant level. These mean beta values were then used for a population analysis (two-sample t-test of the ADHD and NC groups). The Mars Bar toolbox was used for ROI analysis.
Correlation between BOLD signals and clinical data
Spearman's rho was calculated between the delaysensitive BOLD signals (mean beta values) in ROI where there was a between-group difference in delaysensitive contrast values and scores on clinical variables, including the ASRS, WURS, BIS-11, and BIS/BAS.
RESULTS

Behavioral analysis
No significant group differences were found in any task performance measures except for total winnings (Table 1) . Participants with ADHD did not exhibit a tendency to choose immediate reward, and there was no difference in behavioral choices dependent on waiting time between the two groups.
fMRI analysis
The Step 1 analysis designated nine regions as ROI ( Table 2 ). The Step 2 analysis showed that the ADHD group exhibited weaker negative correlations between delay length and BOLD signals in the visual cortex (Brodmann area [BA]17, t 28 = 3.11, P = 0.004; BA18, t 28 = 2.99, P = 0.006) and the caudate nucleus tail (t 28 = 2.10, P = 0.045) than the NC group (Table 2 , Fig. 2a,b) .
Correlation analysis
The BIS-11 impulsivity scores showed a significantly negative correlation with delay-sensitive BOLD signals in BA18 and the caudate nucleus tail (Table 3 , Fig. 2c,  d ). The scores on WURS, which indexes ADHD symptoms during childhood, showed a significantly negative correlation with the delay-sensitive BOLD signals in BA17 and BA18 (Table 3) .
DISCUSSION
By using an intertemporal choice task in which the reward waiting time occurred during fMRI, we demonstrated that medication-free ADHD was associated with significantly weaker negative correlations between delay length and BOLD signals in the caudate and visual cortex. Furthermore, higher impulsivity scores were significantly associated with lower delay-sensitive BOLD signal values. These results suggest that the deficient neural activity associated with decision-making involving the time spent waiting for rewards may underlie impulsivity in ADHD.
We found a significantly weaker negative correlation between BOLD signals in the caudate and reward waiting time in ADHD. Previous structural MRI studies have indicated a reduction in caudate volume in children with ADHD. 29, 30 A voxel-based meta-analysis showed a reduction in caudate volume in individuals with ADHD that was more evident in children than in adults. 31 A previous fMRI study reported reduced BOLD signals during an attentional task in adults with ADHD, 32 and a meta-analysis of fMRI studies showed that stimulant medication might normalize caudate activity. 33 The findings of our study are in line with the structural and functional MRI studies that point to the importance of the caudate in the pathophysiology of ADHD.
We found a significant association between delay-sensitive BOLD signals in the caudate and impulsivity. Rubia and colleagues suggested that time perception involves the fronto-striato-parietal network, which includes the caudate, 34 and that impulsiveness in ADHD may stem from disturbed time perception.
14 Our task was designed so that the study participants experienced the actual waiting time during the intertemporal choice task. We speculate that the caudate may represent time perception associated with reward waiting and that its dysfunction may underlie the basis for impulsivity in ADHD.
We found a significant association between delaysensitive BOLD signals and impulsivity as indexed by the BIS-11, but not the BIS/BAS. Impulsivity has been defined as 'a predisposition toward rapid, unplanned reactions to internal or external stimuli with diminished regard to the negative consequences of these reactions to the impulsive individual or others.' 35, 36 The BIS is the most commonly used self-report measure of impulsivity. 37 On the other hand, Carver and White 38 developed the BIS/BAS based on the theory of two competing Go/Stop neural circuits, which include an approach-oriented 'Go' system driven by reward-based circuitry, and an opposing regulatory or executive 'Stop' system. 36 The BIS-11 includes the cognitive elements of impulsivity (e.g., thought insertions and racing thoughts) that were not recognized in previous versions of the scale. 39 An association between the Barratt Impulsiveness Scale (version 7-B) score and the cognitive functions of timing and rhythm has been identified. 40 We speculate that the BIS-11 may be more sensitive than the BIS/BAS in representing the cognitive factors associated with timing in impulse control as a function of the dorsal striatum. A lack of significant correlation with ASRS or WURS and the dorsal striatum signals implies that the effect may be relatively specific to impulsivity, rather than general ADHD severity.
We found a significantly weaker negative correlation between BOLD signals in the visual cortex and showed a bilateral gray matter volume decrease in the visual cortex of medication-naïve adults with ADHD. In a 33-year follow-up study of children with ADHD, those with symptoms that persisted into adulthood were characterized by decreased cortical thickness in the occipital lobe compared with other regions. 42 In an fMRI study, Vance et al. 43 showed dysfunction in parieto-occipital regions of individuals with ADHD. These previous findings support those of our study that suggest that visual attention deficits occur during value-based decisionmaking in ADHD. This study had some limitations. First, the sample size was small and we could not address issues of heterogeneity. Second, our study did not find a significant group difference in the behavioral measures associated with impulsivity during the fMRI experiment. On the other hand, establishing behavioral equivalence between groups in an fMRI study is methodologically important, otherwise the possibility that the observed BOLD signal changes merely reflect epiphenomena driven by behavioral differences cannot be excluded. To confirm the cause-effect relation between behavior and function, future studies, such as longitudinal pharmaco-fMRI or neurofeedback studies, may be necessary. Third, future longitudinal studies should clarify how impulsivity and alteration of the neural circuit associated with decision-making develops from childhood to adulthood in ADHD and healthy populations.
In conclusion, the findings of the present study suggest that deficient neural activities that subserve decision-making involving reward waiting time during intertemporal choice tasks are the underlying basis for impulsivity in adult ADHD.
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